The problem of decentralized adaptive robust stabilization is considered for a class of uncertain large scale time-delay systems with nonlinear interconnection terms. It is assumed that the upper bounds of the uncertainties and the interconnection terms are unknown, and that the time-varying delays are any nonnegative continuous and bounded functions, and do not require that their derivatives have to be less than one. In particular, it is only required that the nonlinear interconnection terms, which can also include time-varying delays, are bounded in any nonnegative nonlinear functions which are not required to be known for the system designer. For such a class of uncertain large scale time-delay nonlinear systems, a new method is presented whereby a class of decentralized local adaptive robust state feedback controllers with a rather simpler structure is proposed. It is also shown that the solutions of uncertain large scale time-delay interconnected systems can be guaranteed to be uniformly exponentially convergent towards a ball which can be as small as desired.
INTRODUCTION
In a number of practical control problems, the upper bounds of uncertainties, interconnection terms, and external disturbances, may be unknown, or be partially known. In some cases, it may also be difficult to evaluate the upper bounds of the uncertainties, interconnection terms, and external disturbances. Therefore, for such a class of uncertain large scale time-delay interconnected dynamical systems whose uncertainty bounds are partially known, some adaptive schemes should be introduced to update these unknown bounds to construct some types of decentralized robust controllers. In general, such a class of decentralized robust controllers is called decentralized adaptive robust controllers. In the control literature, some types of decentralized adaptive robust controllers have been proposed for such uncertain large scale time-delay interconnected systems (see, e.g. Wu [2002] , Chou and Cheng [2003] , Mirkin and Gutman [2003] , Wu [2008] , and the references therein). In Wu [2002] , for example, the problem of decentralized adaptive robust control is considered for a class of uncertain large scale time-delay interconnected systems, and the proposed decentralized adaptive robust controllers can guarantee the ultimate boundedness of the states. In Wu [2008] , the problem of decentralized robust tracking and model following is also considered for a class of uncertain large scale systems including delayed state perturbations in the interconnections, and a class of decentralized local memoryless state feedback controllers is constructed for robust tracking of dynamical signals. On the other hand, in the control literature on the problem of decentralized stabilization of large scale interconnected nonlinear systems, the nonlinear interconnection terms are generally assumed to be linear or linear norm-bounded in the states. It is worth mentioning that there also are some works in which the nonlinear interconnection terms are assumed to be bounded by a higher-order polynominal in the states (see, e.g. Shi and Singh [1992] ). It is obvious that in some practical control problems, such assumptions may not be satisfied, and are rather strict. Here, it should also be pointed out that the decentralized control schemes proposed in Shi and Singh [1992] have to involve such a high-order polynominal in states.
Moreover, in the control literature on the problem of decentralized adaptive robust stabilization for uncertain large scale time-delay systems, the time delay is generally assumed either to be a positive constant, or to be a function in time which are required that its derivative has to be less than one. That is, for a time-varying delay h(t), it is required thatḣ(t) < 1 (see, e.g. Wu [2002] , Chou and Cheng [2003] , Mirkin and Gutman [2003] , Wu [2008] , and the references therein).
In this paper, we consider the problem of dcentralized adaptive robust stabilization for a class of large scale systems with time-varying delayed state perturbations and nonlinear interconnection terms. We assume that the upper bounds of the uncertainties and nonlinear interconnections are unknown. In particular, we assume that the time-varying delays are any nonnegative continuous and bounded functions, and do not require that their derivatives have to be less than one, and that the nonlinear interconnection terms, which can also include timevarying delays, are bounded in any nonnegative nonlinear functions which are not required to be known for the system designer. For such a class of uncertain large scale time-delay interconnected systems, by introducing some local adaptation laws with σ-modification to estimate the unknown bounds, we construct a class of continuous memoryless decentralized local adaptive robust state feedback controllers with a rather simpler structure, which can guarantee that the solutions of uncertain large scale time-delay interconnected systems converge uniformly exponentially to a ball which can be as small as desired. In addition, because the decentralized local adaptive robust state feedback controllers proposed in the paper are completely independent of time delays, the results obtained here may be applicable to a class of large scale timedelay interconnected dynamical systems with uncertain time delays.
PROBLEM FORMULATION
We consider a class of uncertain large scale time-delay dynamical systems described by the following differential equations:
where for any i ∈ {1, 2, . . . , N}, t ∈ R + is the time, x i (t) ∈ R ni is the current value of the state, and u i (t) ∈ R mi is the input vector. For any i ∈ {1, 2, . . . , N}, each dynamical subsystem is interconnected as
In (1) and (2), for each i ∈ {1, 2, . . . , N}, A i (t), B i (t) are continuous matrices of appropriate dimensions, the nonlinear function ξ ij (·) : R nj ×R → R mi accounts for the interconnection between the subsystems S i and S j , which is assumed to be bounded in magnitude (see Assumption 2.3 given later), usually in its Euclidean norm denoted by · . Moreover, the uncertain parameters (υ i , ζ i ) ∈ Ψ i ⊂ R li are Lebesgue measurable and take values in a compact bounding set Ω i , and the time-delay functions h ij (t), i, j = 1, 2, . . . , N, are assumed to be any continuous bounded functions satisfying
whereτ ij andh ij are any nonnegative constants, andτ ij is not required in general to be zero. It is worth noting that the function h ij (t) is not required to be known for the system designer. In addition, x(t) ∈ R n denotes the vector
The initial condition for each subsystem is given by
where 
for each subsystem which modifies (2) to
where for any i ∈ {1, 2, . . . , N}, p i (·) :
is a continuous function which will be proposed later. Now, the main objective of this paper is to synthesize the memoryless decentralized local state feedback controller u i (t) given in (5) such that some types of stability of the large scale dynamical system, described by (1) and (6), can be guaranteed in the presence of time-varying delayed state perturbations and nonlinear interconnection terms.
Before giving our synthesis approach, we first introduce for the system the following standard assumptions.
are uniformly completely controllable.
where
and where ρ ijk (x j , t) > 0, k = 1, 2, . . . , l j , for all x j such that x j > 0, and without loss of generality, the nonlinear function ρ ijk (·) > 0, k = 1, 2, . . . , l j , are also assumed to be continuous, uniformly bounded with respect to time, and locally uniformly bounded with respect to state x j .
Remark 2.1. It is obvious that Assumption 2.2 defines the matching condition about the uncertainties of the isolated subsystems, and is a rather standard assumption for robust control problem. It is well known that these matching conditions restrict the structure of each subsystem by stipulating that all uncertainties and interconnections should fall into the range space of the control vector B i (t). However, this fact is true for a large class of systems, particularly mechanical systems, environmental systems, ecological systems, and so on. On the other hand, Assumption 2.3 stands for the boundedness of nonlinear interconnection terms, which is similar to the assumption given in Brogliato et al. [1995] and Wu [2009] .
Remark 2.2. In the control literature on decentralized robust stabilization of large scale nonlinear systems, the nonlinear interconnection terms with time-delay are generally assumed to be linear or linear norm-bounded in the states. It is obvious that in some practical control problems, such assumptions may not be satisfied, and are rather strict. In this paper, such strict assumptions are well relaxed, i.e. it is only required that such a nonlinear interconnection term, which can also include time delays, is bounded in a nonlinear function as given in Assumption 2.3. It sholud be also pointed out that the decentralized control schemes proposed in this paper are completely independent of this nonlinear function, i.e. ρ ij (·). Therefore, the nonlinear function ρ ij (·) is not required to be known for the system designer (see also Remark 3.3).
For convenience, we now introduce the following notations which represent the unknown bounds of uncertainties.
where λ min (·) and λ max (·) denote the minimum and maximum eigenvalues of the matrix, respectively. Moreover, the uncertain ρ i (t), κ i (t), μ i (t), are assumed to be continuous and bounded for any t ∈ R + .
By employing the notations given above, we introduce for the system the following standard assumption.
Assumption 2.4. For every t
Remark 2.3. It is worth pointing out that for the uncertain large scale interconnected system described by (1) and (6), Assumption 2.4 is standard. It is well known that Assumption 2.4 is a necessary condition for robust stability of uncertain dynamical systems (see, e.g. Wu [2008] and the references relative to robust stabilization of uncertain systems).
In addition, from Assumption 2.1 and Ikeda and Ashida [1979] , we can also have the following lemma which will be used in the construction of memoryless decentralized adaptive state feedback controllers. 
has a solution which satisfies
for all t ∈ R + , where α i1 and α i2 are positive numbers.
MAIN RESULTS
In this section, we propose a class of decentralized adaptive robust controllers which can guarantee some types of robust stability of each of uncertain closed-loop timedelay subsystems described by (1) and (6).
In this paper, since the bounds ρ i (t), κ i (t), μ i (t), i = 1, 2, . . . , N, have been assumed to be continuous and bounded for any t ∈ R + , we can suppose that there exist some positive constants ρ * i , κ * i , μ * i , which are defined by
Here, it is worth pointing out that the constants ρ * i , κ * i , μ * i , are still unknown. Therefore, such unknown bounds can not be directly employed to construct some decentralized robust controllers.
Without loss of generality, we also introduce the following definition:
where for any i ∈ {1, 2, . . . , N}, ε ij , j = 0, 1, 2, . . . , N, are any positive constants which are not required to be known for the system designer. It is obvious from (10) and (11) that for any i ∈ {1, 2, . . . , N}, ψ * i is still an unknown positive constant. Now, for the uncertain large scale time-delay interconnected systems described by (1) and (6), we proposed the memoryless decentralized local adaptive robust state feedback controllers as follows.
where for any i ∈ {1, 2, . . . , N}, η i is a given positive constant, andψ i (t) is the estimate of the unknown ψ * i which is updated by the following adaptive law:
where for any i ∈ {1, 2, . . . , N}, γ i and σ i are any given positive constants,ψ i (t 0 ) is finite.
Moreover, for any i ∈ {1, 2, . . . , N}, applying (12) to (1) and (6) yields an uncertain closed-loop time-delay interconnected subsystem of the form 
In the following, by (x i ,ψ i )(t) we denote a solution of the ith closed-loop time-delay interconnected subsystem and the error system described by (14) and (15).
Theorem 3.1. Consider the adaptive closed-loop timedelay interconnected systems, described by (14) and (15). Suppose that Assumptions 2.1 to 2.4 are satisfied. Then, the solutions (x i ,ψ i ) (t; t 0 , x i (t 0 ),ψ i (t 0 )) of the ith closedloop time-delay interconnected subsystem described by (14) and the error system described by (15) are uniformly bounded, and the states x i (t) converge uniformly exponentially towards a ball which can be as small as desired, in the presence of the uncertainties and delayed state perturbations.
Proof: For each isolated nominal subsystem of the adaptive closed-loop large scale time-delay systems described by (14) and (15), we first define a quasi-Lyapunov function as follows.
where P i (t) ∈ R ni×ni is the solution to matrix differential Riccati equation (8), and γ i is a given positive constant.
Let (x i (t),ψ i (t)) be the solution to (14) and (15) for t ≥ t 0 . Then by taking the derivative of V i (·) along the trajectories of (14) and (15) it is obtained that for t ≥ t 0 ,
In the light of Assumption 2.2 and Assumption 2.3, we can obtain that for any t ≥ t 0 ,
Notice the fact that for any positive constant ε > 0,
Then, from (18) we can further obtain that
Then, it follows from (8) and (11) that for any t ≥ t 0 ,
Then, by introducing (15) into (20) we can obtain the following inequality:
On the other hand, for any i ∈ {1, 2, . . . , N}, since P i (t) is symmetric positive definite, it is obtain from the Rayleigh principle that for any t ∈ R + ,
Then, in terms of (9) we can know that there exists a constantᾱ i1 such that for any t ∈ R + ,
Thus, from (21) and (24) we can obtain that for any t ≥ t 0 ,
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Moreover, letting
from (25) we can obtain that for any t ≥ t 0 ,
On the other hand, from (9) and (23) we can know that there also exists a constantᾱ i2 such that for any t ∈ R + ,
Then, in the light of the definition of V i (x i (t),ψ i (t)), from (23) and (27) we can have that for any t ∈ R + ,
Thus, from (26) and (28) we can obtain that
Noting that for any i ∈ {1, 2, . . . , N}, since ε ij , j = 0, 1, 2, . . . , N, are any positive constants, then there always exist such positive constants ε ij , j = 0, 1, 2, . . . , N, such that the following inequality holds.
Now, we define the continuous function of the form:
It is obvious from (30) that for any i ∈ {1, 2, . . . , N}, d i (0) < 1. Therefore, in the light of the property of continuous function, there exists a constantθ i > 0 (θ i < α i ) such that for any i ∈ {1, 2, . . . , N}, d i (θ i ) < 1. Here, for such a constantθ i > 0, i ∈ {1, 2, . . . , N}, we define
Returning to (29), multiplying both sides of (29) by exp{θ i (t − t 0 )}, noting the fact thatθ i < α i , and after some trival manipulations, from (29) we can obtain
Letting that for any i ∈ {1, 2, . . . , N} and for any t ≥ t 0 ,
where j = 1, 2, . . . , N, it follows from (33) that
Now, it is obvious from the definition that the function S ij (t) is a nondecreasing function on time t. It follows that the right-hand side of inequality (34) is also nondecreasing. Therefore, for any i ∈ {1, 2, . . . , N}, from (34) we can have that for any t ≥ t 0 ,
Moreover, if we define that for any t ≥ t 0 ,
then, from (35) we can further have that for any i ∈ {1, 2, . . . , N} and for any t ≥ t 0 ,
Similarly, since the right-hand side of inequality (37) is nondecreasing, we can also have that for any i ∈ {1, 2, . . . , N} and for any t ≥ t 0 ,
Thus, by noting (31) and (32), from (38) we can have that for any i ∈ {1, 2, . . . , N} and for any t ≥ t 0 ,
Therefore, from the definitions of the function S i (t) we can obtain that for any i ∈ {1, 2, . . . , N} and for any t ≥ t 0 ,
Then, it is obvious that the states of each closed-loop time-delay interconnected subsystem converge exponentially to B i (δ i ), i ∈ {1, 2, . . . , N}, where
On the other hand, for any i ∈ {1, 2, . . . , N}, from the adaptation law given in (13) the estimate valueψ i (t) of the uncertain parameter ψ * i is uniformly bounded since the state x i (t) is bounded for the ith subsystem. Thus, we can complete the proof of Theorem 3.1. ∇∇∇ Remark 3.1. In the proof of Theorem 3.1, it is assumed for the constants ε ij to satisfy (31). However, the decentralized adaptive robust state feedback control schemes given in (12) with (13) are completely independent of these constants. Thus, it is not necessary for the system designer to know or choose these constants ε ij . In fact, the proposed decentralized adaptive state feedback controllers can adjust automatically to counter the destabilizing effects of the uncertainties, delayed state perturbations, and external disturbances for such large scale time-delay interconnected systems.
Remark 3.2. For any i ∈ {1, 2, . . . , N}, in the light of the definition of the constant ε i given in (22), it can be observed that for the ith subsystem, by decreasing the value of σ i sufficiently, one can obtain the radius δ i of the ball B i (δ i ) as small as desired. In this case, however, in the light of the definition of the positive constant α i , the corresponding positive constant γ i , an adjustable parameter of the adaptation law, should be made sufficiently large so that the invariance of the the positive constant α i , which appears in (41), can be guaranteed. Thus, the system designer can tune the size of the residual set by adjusting properly the parameter σ i which is introduced in the adaptation law described by (13).
Remark 3.3. It is interesting to notice such a fact that the decentralized local adaptive robust state feedback control schemes given in (12) with (13) have a rather simpler structure. In particular, the proposed decentralized adaptive robust controllers are completely independent of the nonlinear interconnection terms. In fact, being completely different from the related works reported in the control literature, the nonlinear interconnection terms, i.e. the nonlinear function ρ ij (·) is not included in the decentralized adaptive robust controllers given in (12) with (13). Thus, as stated in Remark 2.2, the information on the nonlinear interconnection terms is not required to be known for the system designer.
Remark 3.4. In order to illustrate the validity of the results obtained in the paper, a numerical example is also given, and the simulation is carried out. It is known from the results of the simulation that the proposed decentralized adaptive robust state feedback controllers can indeed guarantee that the solutions of the adaptive closed-loop large scale systems are uniformly bounded, and the states converge uniformly exponentially to a ball in the presence of the time-varying delayed state perturbations and nonlinear interconnection terms. (The details of the illustrative numerical example and the figures of the simulation will be displayed in the presentation.)
CONCLUDING REMARKS
The problem of decentralized adaptive robust stabilization has been considered for a class of large scale interconnected nonlinear systems with multiple time-varying delayed state perturbations. It is assumed that the upper bounds of the uncertainties and nonlinear interconnection terms are unknown, and that the time-varying delays are any nonnegative continuous and bounded functions. In the paper, a new method has been presented whereby a class of continuous memoryless decentralized local adaptive robust state feedback controllers a rather simpler structure is proposed. By employing a quasi-Lyapunov function, it has been shown that the solutions of uncertain large scale time-delay interconnected systems can be guaranteed to be uniformly exponentially convergent towards a ball which can be as small as desired by making use of the proposed decentralized controllers.
